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Modeling of ion motion and experimental investigations of ion excitation in a linear
quadrupole trap with a 4% added octopole field are described. The results are compared with
those obtained with a conventional round rod set. Motion in the effective potential of the rod
set can explain many of the observed phenomena. The frequencies of ion oscillation in the x
and y directions shift with amplitude in opposite directions as the amplitudes of oscillation
increase. Excitation profiles for ion fragmentation become asymmetric and in some cases show
bistable behavior where the amplitude of oscillation suddenly jumps between high and low
values with very small changes in excitation frequency. Experiments show these effects. Ions
are injected into a linear trap, stored, isolated, excited for MS/MS, and then mass analyzed in
a time-of-flight mass analyzer. Frequency shifts between the x and y motions are observed, and
in some cases asymmetric excitation profiles and bistable behavior are observed. Higher
MS/MS efficiencies are expected when an octopole field is added. MS/MS efficiencies (N2
collision gas) have been measured for a conventional quadrupole rod set and a linear ion trap
with a 4% added octopole field. Efficiencies are chemical compound dependent, but when an
octopole field is added, efficiencies can be substantially higher than with a conventional rod
set, particularly at pressures of 1.4  104 torr or less. (J Am Soc Mass Spectrom 2005, 16,
835–849) © 2005 American Society for Mass SpectrometryThree-dimensional (3-D) ion traps can benefit fromgeometries that distort the field from that of anideal quadrupole [1, 2]. The distortions are de-
scribed mathematically by the addition of higher mul-
tipoles to the electric potential [1c, 1d, 2]. The most
widely discussed distortion is the “stretched” ion trap
[2], which has the end cap electrodes moved out so that
the distance to the end cap, z0, is increased over that of
an ideal field, z0  r0 ⁄ 2, where r0 is the distance
from the center to the ring electrode. It has been argued
that the addition of higher order multipole fields of the
correct sign to 3-D traps improves MS/MS efficiency
[1c, 1f, 2], and allows faster ejection at the stability
boundary [2, 3], to give higher scan speeds and im-
proved mass resolution.
There is increasing interest in using linear quadru-
poles as ion traps, both as stand alone mass analyzers
with radial [4] or axial [5] ejection, or in combination
with other mass analyzers (for a recent review see [6]).
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doi:10.1016/j.jasms.2005.02.006There is also interest in trapping and exciting ions for
MS/MS at the relatively low pressures typical for
operation of the last mass analyzing quadrupole in
triple quadrupole systems, ca. 3  105 torr [7]. Addi-
tion of higher multipoles to a linear ion trap might be
expected to provide benefits similar to those seen with
3-D traps. Douglas and coworkers [8] have shown that
an octopole field can be added to a linear quadrupole
by using rod sets with rods equally spaced from the
central axis but with one pair of rods different in
diameter than the other pair, as shown in Figure 1. The
electric potential within this rod set is given to a good
approximation by
V(x, y)A0A2x2 y2r02 
A4x4 6x2y2 y4r04 UVrf cost (1)
where x is the distance from the center towards a
smaller rod, y is the distance from the center towards a
larger rod, r0 is the distance from the center to any rod,
and U and Vrf are the amplitudes of dc and radio
frequency (rf) voltages applied from pole to ground. In
eq 1, A0, A2, and A4 are the dimensionless amplitudes of
a constant potential (independent of position), the
quadrupole potential and the octopole potential, re-
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the ratio Ry/Rx.
As with 3-D traps, the addition of an octopole field to
a linear quadrupole field causes a variety of new effects.
In this paper, we describe modeling of ion motion and
experimental investigations of ion excitation in a linear
quadrupole trap with a 4% added octopole field (A4 
0.0398). The results are compared to those obtained
with a conventional rod set with A4  0. We derive the
effective- or pseudo-potential [9, 10] arising from the
potential of eq 1. Motion of an ion in the effective
potential with collisions and excitation is that of a
forced, damped, anharmonic oscillator. The frequencies
of ion oscillation in the x and y directions shift with
increasing amplitude in equal but opposite directions.
Excitation profiles for ion ejection or fragmentation
become asymmetric and in some cases can show bist-
able behavior where the amplitude of oscillation sud-
denly jumps between high and low values. These
sudden jumps in amplitude can in principle be used to
produce high resolution in ion isolation or ion ejection.
Experiments show many of these effects. Ions are in-
jected into a linear trap, stored, isolated, excited for
MS/MS, and then mass analyzed in a linear time-of-
Figure 1. Cross sections of the electrodes of a linear quadrupole
with added octopole field. The circular electrodes in the x direc-
tion have radius Rx and the circular electrodes in the y direction
radius Ry. All four electrodes are equally spaced from the central
axis by a distance r0. The rod set used here had r0  4.50 mm, Rx
 4.5 mm, and Ry/Rx  1.516. The resulting multipole amplitudes
are in Table 1.flight mass analyzer [11, 12]. Frequency shifts betweenthe x and y motions are observed, and in some cases
asymmetric excitation profiles and bistable behavior are
observed. Higher MS/MS efficiencies are expected
when an octopole field is added. We have measured
MS/MS efficiencies (N2 collision gas) with a conven-
tional quadrupole rod set and a linear ion trap with A4
 0.0398. Efficiencies are chemical compound depen-
dent, but when an octopole field is added, they can be
substantially higher than with a conventional rod set,
particularly at pressures of 1.4  104 torr or less.
Experimental
A schematic of the system used, similar to a trap-TOF
system described previously [11, 12], is shown in Figure 2.
Ions formed by electrospray pass through a curtain gas
(dry N2, 99.999% stated purity, Praxair Canada Inc., Delta,
British Columbia, Canada), and enter the vacuum system
through a 0.25 mm diameter orifice and then a 0.75 mm
diameter skimmer orifice in a differentially pumped re-
gion at a background pressure of 1.0 torr. Ions then enter
a quadrupole ion guide Q0, 30 cm long with a field radius
of 4.5 mm, pumped to a pressure of about 3.5 mTorr by a
230 L/s turbomolecular pump (TPH 240, Balzers, Nashua,
NH). Ions then pass through a 2 mm diameter aperture,
the entrance lens, into a linear quadrupole ion trap Q1,
pumped to a base pressure of 3  106 torr by a 550 L/s
turbomolecular pump (TV 551, Varian, Torino, Italy). The
pressure in the trap could be increased above the base
pressure by adding nitrogen (99.999% stated purity, Prax-
air Canada Inc.) to the chamber through a needle valve.
The trap pressure was measured with an ion gauge for
pressures below 1  104 torr and a 0.1 torr capacitance
manometer for pressures above 1  104 torr. Both were
calibrated against a high precision capacitance manometer
(Baratron model 120, manufacturer’s stated accuracy
0.12% of reading, MKS, Boulder, CO). Two traps, Q1, each
20 cm long were used: a conventional quadrupole rod set
with round rods field radius 4.17 mm, and ratio of rod
radius to field radius R/r0 1.126, or a quadrupole rod set
with a nominal 4% octopole field (A4 0.0398) (the largest
A4 of the rod sets with added octopole fields that we have
constructed) and field radius of 4.5 mm (Figure 1) [8]. The
dimensionless amplitudes of the higher order multipoles
in these rod sets are shown in Table 1. Ions were confined
in Q1 by applying trapping potentials to the entrance and
exit apertures. Ions then passed through a 2 mm diameter
aperture in a cone and three aperture lenses (L1-L3), 6.4
mm i.d. (spacing 2.5 mm) into the source region of a linear
time-of-flight (TOF) mass analyzer (R. M. Jordan Co.,
Grass Valley, CA). The TOF, with a mass resolution
limited to several hundred [11], is pumped by a 360 L/s
turbomolecular pump (Turbovac 361, Leybold, Missis-
sauga, Ontario, Canada) to a base pressure of 3  107
torr.
Isolation waveforms, notched in frequency space,
were created with SxWave software (Pan Galactic Sci-
entific, Peterborough, Ontario, Canada) using a “comb”
of frequencies separated by 250 Hz with random
-fligh
837J Am Soc Mass Spectrom 2005, 16, 835–849 ION EXCITATION IN A LINEAR QUADRUPOLE ION TRAPphases. The isolation window notch was 6 kHz, cen-
tered at the calculated secular frequency of the ion of
interest for an ideal quadrupole rod set. The resulting
list of amplitudes was then downloaded via an RS232
interface to an arbitrary waveform generator, (model
33120A, Agilent Technologies, Palo Alto, CA). Isolation
times were 20 ms and amplitudes were chosen to
minimize the background signal with minimal loss of
the precursor. We argue below that the rod sets with
added octopole fields favor ion fragmentation over ion
ejection. Nevertheless, no difficulty was found in iso-
lating ions. With a sufficiently large excitation ampli-
tude (4.0 V0-p), ions could still be efficiently ejected from
the trap with added multipole field [1a]. Dipole excita-
tion waveforms were generated with an arbitrary wave-
form generator (SRS DS345, Stanford Research Systems,
Sunnyvale, CA). Excitation voltages in this paper are
reported as volts zero to peak, pole to ground (V0-p). In
a pure quadrupole field the angular frequencies of ion
oscillation are given by
u (2nu)

2
(2)
where n  0, 1, 2 . . . , u  x or y,  is a function of
the trapping voltage, and  is the angular frequency of
Figure 2. The linear ion trap time-of
Table 1. Multipole amplitudes
Rod set A0 A2
Conventional 0.0000 1.00149 0.
4% Octopole 0.0403 1.0056 0.0398the trapping rf voltage (  2768.144 kHz; generated
by an API 3 quadrupole power supply [SCIEX, Con-
cord, Ontario, Canada]). The fundamental frequencies
with n  0 were excited.
Sprayer voltages were ca. 4.3 kV. The curtain plate
was held at 1.1 kV and the orifice was maintained at ca.
180 V, except when fragmenting ions of morphine-3--
D-glucuronide in the orifice-skimmer region, when the
orifice voltage was increased to ca. 240 V. The skimmer
was usually held in the range of 5 to 12 V and the ion
guide rod offset was 2 to 5 V. The trap entrance aperture
plate was at 5 V to 0.5 V and there was no DC offset
for the trap. The exit lens was typically at 5 V. To
block ions, the potentials of the entrance or exit lens
were set 25 V higher than the lower voltage settings.
The lens stack was operated with L1, L2, and L3 at 25
V, 22 V, and 215 V, respectively. The TOF source
pulsing was controlled by a pulse delay generator (BNC
555, Berkeley Nucleonics, San Rafael, CA). This con-
sisted of 20 pulses (width 30 s) at 380 V and a
frequency of 3.333 KHz every time the trap was emp-
tied. Pulsed ions passed through vertical and horizontal
deflectors held at 2.5 kV and 2.2 kV, respectively,
and into the flight tube, maintained at 2.6 kV. Two 25
mm active area microchannel plates (Burle Electro-
t system used for these experiments.
A6 A8 A10
0.001267 0.0000 0.002431A4
0000
0 0.00299 0.0008702 0.002319
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were used to detect ions.
Timing was controlled using the software package
Benchtop Lite (PC Instruments Inc., Lawrence, KS)
running on a Pentium III desktop PC. For MS/MS, six
timing segments were set: emptying, injection, isola-
tion, excitation, cooling, and detection. The periods for
trap emptying and injection were 40 ms, for isolation 20
ms, for excitation from 50 ms to about 500 ms, and for
detection 10 ms. The cooling period was varied accord-
ing to the collision gas pressure. Typical cooling times
were 10 ms, 20 ms, 100 ms, and 500 ms for pressures
ranging from 103 to 106 torr, respectively. These
periods were selected such that little increase in the
precursor ion signal was observed for longer cooling
periods. Spectra were acquired with a multichannel
scalar (Turbo-MCS, Ortec International Inc., Atlanta,
GA) and the associated MCS-32 software package run-
ning on a 133 MHz desktop PC. Dwell times were
typically 40 ns.
HPLC grade acetonitrile, and HPLC grade methanol
were from Aldrich (Sigma-Aldrich, Oakville, Ontario,
Canada). Morphine-3--D-glucuronide, as a stock ana-
lytical solution of 2.0 mg/ml in methanol, and reser-
pine, were from Sigma (Sigma-Aldrich). Sample con-
centrations were typically 50 M, infused to the ESI
source at 1L/min. Reserpine was dissolved in pure
acetonitrile. Morphine-3--D-glucuronide was diluted
from the stock solution into 1:1 water:methanol with
0.5% vol/vol acetic acid.
Ion trajectories were calculated with a program
written by Michael Sudakov (unpublished). Follow-
ing input of all the data, such as rf frequency,
Mathieu parameter q, collision gas mass, pressure
and temperature, collision cross section, excitation
frequency and amplitude, octopole amplitude A4, and
initial x and y positions and velocities, the equations
of motion are integrated to produce values of x and y
versus time. Collisions are included in the trajectories
approximately by using a drag coefficient model as
described below. An ideal quadrupole field or a
quadrupole field with added octopole component
could be modeled. Higher spatial harmonics that
result from using round rod sets were not included in
the trajectory calculations.
Results and Discussion
Effective Potential and Frequency Shifts
Many aspects of ion motion in the linear trap with an
added octopole field can be understood by consider-
ing the effective potential for the time-dependent
potential given by eq 1 with U  0. For an ion of
mass, m, and charge, e, in an inhomogeneous electric
field, E
¡
, oscillating at angular frequency , the effec-
tive electric potential [10] is given byVeff
e|E
¡
|2
4m2
(3)
where
|E
¡
|2 Ex2Ey2Ez2 (4)
In eq 3 and 4 only the spatial dependence of the
potential is included. For the potential of eq 1, eq 3 leads
to
Veff
qA2
2Vrf
4 x
2 y2
r0
2  qA2A4Vrf1 x
4 y4
r0
4  · · · (5)
where the Mathieu parameter q is given by
q
4eVrf
mr0
22
(6)
The first term in eq 5 describes the well known
effective potential for a linear rf-only quadrupole,
and the second term describes the modifications
caused by the octopole field. Terms in xnym have not
been included because we consider here excitation of
the x motion when y  0 and excitation of the y
motion when x  0. In the direction of the x rods the
effective potential increases more rapidly with dis-
tance from the center than that of a pure quadrupole
potential, and in the y direction increases less rapidly
than that of a quadrupole potential. Thus the effects
of positive and negative octopole components can be
studied in the same rod set by considering the x and
y motions, respectively.
Motion of a singly charged ion in x direction in the
effective potential of eq 5 is described by
mx¨ Fxe
	Veff
	x

eqA2
2Vrf2x
4r0
2 
4eqA2A4Vrfx
3
r0
4 (7)
where x¨ 
d2x
dt2
. Eq 7 can be written
x¨0
2x
4eqA2A4Vrfx
3
mr0
4 (8)
with
0
2
eqA2
2Vrf2
4mr0
2 (9)
which can be rewritten as
 
qA2
(10)0
8
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frequency of an ion in a quadrupole field at low q values
[13]. The octopole field adds the term in x3 to the right
of eq 8.
Landau and Lifshitz [9] have considered motion of
an anharmonic oscillator described by
x¨0
2x
x2x3 (11)
Eq 11 is the same as eq 8 when 
  0 and  
4eqA2A4Vrf
mr0
4 . ( The term ax
2 on the right of eq 11 can be
contributed to the effective potential when a hexapole
field is added to the potential of eq 1). The anharmonic
terms on the right of eq 11 cause shifts in the resonant
frequency away from 0, given [9] by
 380  5

2
120
3b2 (12)
where b is the amplitude of oscillation. Thus the octo-
pole field causes a frequency shift given by

3eqA2A4Vrf
2mr0
40
b2 (13)
Substituting for Vrf from eq 9 gives
 3
A4
A2
b2r020 (14)
The same result was derived by Sevugarajan and Me-
non [14] for z motion in the effective potential of a 3-D
ion trap with an added octopole field; however, in the
3-D trap, the unperturbed frequencies in the z and r
directions differ by a factor of two. Although eq 14 was
derived from the effective potential approximation,
which is normally considered valid for q  0.4, direct
simulations of ion motion in a stretched 3-D trap show
the frequency shift is independent of q within about
10% for q up to 0.8 [15]. When A4  0 (x motion) there
is a shift to higher frequency which is proportional to A4
and to the square of the amplitude of ion oscillation. For
A4  0 (y motion) there is a shift to lower frequency of
the same magnitude for the same amplitude of oscilla-
tion.
Axis Potential
From eq 1, these rod sets have an axis potential
A0U  Vrf cost where A0	A4 [8a]. The axis potential
does not affect ion motion within the linear trap because it
is independent of position and therefore produces no
electric fields. However, it can affect introduction of ions
or draining of ions through the fringing fields at the ends
of the trap. The axis potential can be removed by applying
a greater voltage to the smaller rods and a lower voltage tothe larger rods. When the rf was unbalanced in this way to
make the axis potential zero, the signal observed in an
experiment where ions were trapped and then allowed to
drain into the TOF mass analyzer increased by 20%. Thus
the axis potential does not have a large effect on the
efficiency of ion injection or extraction from the trap. The
experiments described here were done with balanced rf
applied to the rods.
Experimental Frequency Shifts and Peak Shapes
Figure 3 shows the results of an experiment to measure
the frequencies and peak shapes for depletion of pro-
tonated reserpine ions and formation of fragment ions
with dipole excitation applied between the larger (Fig-
ure 3a and b) and smaller (Figure 3c and d) rods. Ions
were excited at a pressure of 2.0 mTorr of N2 for 100 ms
with an amplitude of 154 mV0-p. After excitation, ions
were transferred to the source region of the TOF for
mass analysis and the intensities of the reserpine ions
and fragments were measured. It is immediately appar-
ent that the resonances for the two directions have
different frequencies. The calculated unperturbed fre-
quency of motion,
0
2
, for q  0.2024 (  0.1443) is
55.44 kHz. The resonance for excitation between the
smaller rods, which have a positive A4 in the effective
potential, shows a shift up from 55.44 kHz of 1.11 kHz
to 56.55 kHz, and for excitation between the larger rods
a shift down of 1.24 kHz to 54.20 kHz. These shifts are
approximately equal in magnitude and of opposite sign
as expected from eq 14. Small differences in the shifts
can be caused by nonlinearities in the electronics and by
higher multipoles in the potential. For a given applied
voltage, excitation between the larger rods produces a
slightly higher dipole field than excitation between the
smaller rods (see below), and this may contribute to the
slightly greater shift with the larger rods.
The depletion of reserpine ions in Figure 3 is not
directly related to the amplitude of oscillation in any
simple way, since it corresponds to removal of ions by
dissociation following collisional activation [12]. Never-
theless, from eq 14, frequency shifts of 1.11 kHz and 1.24
kHz correspond to amplitudes of oscillation b 0.41r0 and
b 0.43r0, respectively. These amplitudes, and the forma-
tion of fragment ions shown in Figure 3b and d, indicate
that the ions are lost by dissociation, not ejection.
The peaks shown in Figure 3a and b are asymmetric,
with a sharp side at lower frequencies and a tail to
higher frequencies. In contrast, the peaks in Figure 3c
and d are considerably more symmetric. An asymmet-
ric peak is expected from motion in the effective poten-
tial given by eq 5. As described by Landau and Lifshitz
[9], a plot of the amplitude of oscillation versus excita-
tion frequency for forced oscillation of the oscillator
described by eq 11 is no longer symmetric about the
resonant frequency 0. The forced anharmonic motion
with damping is described by
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x 0
2x f ⁄mcost
x2x3 (15)
where  is a damping constant and f is the amplitude of
the driving force with angular frequency . If  is positive
(A4 0, excitation between the smaller rods) then a plot of
amplitude of oscillation versus frequency shows a sharper
side on the high frequency sides of the peak. If  is
negative (A4  0, excitation between the larger rods) the
sharper side is the low frequency side, as seen in Figure 3a.
Asymmetric peaks have been seen in 3-D traps and
attributed to field distortions, but the connection to spe-
cific multipoles, to the sign of the multipoles, or to
effective potentials has received little discussion. March et
al. [16] attributed frequency shifts in a 3-D trap to higher
order components of the field, but did not discuss these
shifts in terms of multipoles. Williams et al. [17] observed
asymmetric peaks with a tail to the low frequency side for
excitation of ions of butylbenzene in a stretched 3-D trap,
although again the results were not discussed in terms of
multipoles of the potential. In an ion trajectory simulation
of motion in a stretched trap, Splendore et al. [18] found a
frequency shift approximately proportional to the square
of the amplitude of ion motion, with a shift to higher
frequency for z motion and to lower frequencies for r
Figure 3. Experimental resonance peak shape
fragment ions with dipole excitation. Trapping r
excitation amplitude 153 mV0-p. (a) Precursor an
between the larger rods (c) precursor and (d) sum
the smaller rods.motion, as expected qualitatively from eq 14. If the fre-quency shift observed by Splendore et al. is attributed to
the presence of an octopole with no other higher multi-
poles, an octopole component of ca. 1% can be calculated
from eq 14. Alheit et al. [19a] found an asymmetric peak
with a tail to the high frequency side, for quadrupole
excitation of the collective motion of ions in a 3-D trap
with ideal geometry. The asymmetry was attributed to an
added hexapole field, which causes the frequency of
oscillation to decrease as the amplitude increases. The
same group reported asymmetric peaks for excitation of
higher order resonances (n  0 in eq 2). For the higher
order resonances the effective potential approximation no
longer applies and it was found peaks could have tails on
either the low or high frequency sides [19b]. Nappi et al.
[20] observed shifts to lower frequency for z motion in a
stretched trap; the shifts were attributed to addition of
1.4% octopole and 3% hexapole to the 3-D field, although
the frequency shifts caused by these added fields were not
calculated.
Bistable Behavior
The low frequency sides of the peaks in Figure 3a and b
are remarkably sharp. Increasing the excitation fre-
r removal of reserpine ions and formation of
uency 768.144 kHz, q  0.2021, 2.0 mTorr of N2,
sum of fragment ion intensities with excitation
fragment ion intensities with excitation betweens fo
f freq
d (b)
ofquency by 0.001 Hz from 54.163845 kHz to 54.163846
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with a sudden increase in the formation of fragment
ions. This sudden jump is likely the result of bistable
behavior, expected for a nonlinear oscillator, and
caused by the anharmonic terms on the right of eq 15 [9,
21, 22]. Bistable behavior has been observed in 3-D traps
by Alheit et al, [19a] and Chu et al. [19b], and attributed
to anharmonicities in the potential. In their work, a
sharp boundary on the low frequency side of the
resonance was attributed to the presence of an added
hexapole potential.
As the driving force in eq 15 increases, a plot of the
amplitude of oscillation versus driving frequency be-
comes increasingly asymmetric, and at a critical force, fc,
bistable behavior is formed [9]. With a negative octo-
pole potential, the form of the curve of amplitude of
oscillation versus excitation frequency takes on the
appearance of Figure 4. The amplitude of oscillation, b,
is related to the driving frequency through
b2 f2m0b
2
2 (16)
where     0 [9].
The critical force is given by
f c
2
32m20
23
33
(17)
where  is related to the frequency shift by   0 
b2.
From eq 14
 3
A4
A2
 1r020 (18)
Figure 4. Amplitudes of oscillation for reserpine ions m/z  609
trapped in a quadrupole field with 4% added octopole field versus
shift in the angular excitation frequency from the unperturbed
frequency. Trapping rf frequency 768 kHz, q  0.2026, 2.0 mTorr
of N2, excitation voltage 189 mV0-p, applied between the larger
rods.For example in our rod set with A4/A2  0.04, r0  4.5 103 m, and 0 	 25.5  10
4 s1,   2.05  109 s1
m2.
The damping constant, , can be related to the
collision cross section and gas number density with a
drag coefficient model [23] which gives the force, Fd, on
an ion as
Fd
Cdnm2v
2
2
(19)
where Cd is a drag coefficient,  the collision cross
section, n the gas number density, m2 the collision gas
mass, and v the ion speed. If the drag force on a particle
is Fd  
=v Landau and Lifshitz [9] define a damping
constant by

′
m
 2 (20)
For low ion speeds,
Cd
3.012kT ⁄m2
v 
(21)
where T is the gas temperature and m2 is the collision
gas mass [23]. Thus
Fd
3.012kT ⁄m2nm2v
2
(22)
so that

′
3.012kT ⁄m2nm2
2
(23)
and


′
2m

3.012kT ⁄m2nm2
4m
(24)
For ions of reserpine (  280 Å2 [24] ) trapped at 2.0 
103 torr of N2 at 295 K,   2.67  10
3 s1. Thus the
critical force for reserpine ions under these conditions is
fc  2.65  10
18 N. The force is related to the electric
field, E, by f  eE, so the electric field that produces this
critical force on a reserpine ion is calculated to be 16.6 V
m1.
The electric field with dipole excitation can be calcu-
lated for the rod geometry of Figure 1 by the method of
equivalent charges [25]. The dipole potential within the
rods is given by
1A1ur0V cost (25)
where u is x or y and the electric field is
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The amplitudes of the dipole field, A1, produced in the rod
sets used in these experiments were calculated with the
results shown in Table 2. Thus, to produce an electric field
with amplitude 16.6 V m1 requires an excitation voltage
between the large rods of V 
16.6
0.826
4.5  103 
0.090 V zero to peak, pole to ground. The data of Figure 4
were calculated from eq 16 using these values of , , and
eq 26 to convert the force from the 189 mV0-p voltage to a
force on an ion of 5.6  1018 N. The data of Figure 3
(excitation amplitude 153 mV0-p) and the curve of Figure 4
(excitation amplitude 189 mV0-p) both have excitation
amplitudes above the amplitude necessary to produce the
critical force.
Figure 4 shows that, starting at a low frequency, as the
frequency is increased the amplitude of oscillation in-
creases. However, beginning at the point B there are three
possible solutions for the amplitude. If the frequency of
excitation is increased, ions can follow the curve to D, then
suddenly jump in amplitude to C. If the frequency of
excitation is decreased, starting at the right of Figure 4,
ions can follow the upper curve past C to A where the
amplitude suddenly decreases. The use of this type of
behavior to improve scan speed and ion ejection from a
3-D trap has been described by Makarov [22].
When a positive octopole component is present, as
with excitation between the smaller rods, the curve also
has bistable behavior but the curve is reflected about the
-0 0 axis. Thus we would expect to see a sharp side
on the high frequency side of the peak. However the
experiments, Figure 3c and d show fairly symmetric
peaks. The data of Figure 4 are based on an approxi-
mate solution to eq 15, which is itself an approximation
based on the effective potential. To more accurately
determine the amplitudes of oscillation, trajectory cal-
culations were used to determine the amplitude of
oscillation for different excitation frequencies, with the
results shown in Figure 5. The excitation amplitude, 250
mV0-p is well above the critical amplitude of 90 mV0-p.
The curve “a” is for excitation of ions between the
smaller rods and the curve “b” for excitation between
the larger rods. The sudden change in amplitude with
frequency can be seen clearly in each case. In the
trajectory calculations, the difference in frequency be-
tween the point of highest amplitude and the next point
of much lower amplitude is 1 Hz. Similar excitation
Table 2. Amplitudes of the dipole field for different rod sets
and rod pairs
Ratio of rod radii Excitation A1
1.516 Small rods 0.775
1.516 Large rods 0.826
1.000 Either rod pair 0.798profiles, which showed a sharp transition on the highfrequency side of the peak, were reported by Splendore
et al. for simulations of ion motion in the z direction of
a stretched 3-D trap [18]. The results were not inter-
preted in terms of multipoles or anharmonic oscilla-
tions.
Despite these expectations from modeling the mo-
tion in the effective potential (Figure 4) and from direct
trajectory calculations (Figure 5), the experiments (Fig-
ure 3c and d) do not show a sharp side on the high
frequency side of the peak. If sharp sides can be
produced on both the low and the high frequency sides,
then high mass resolution in ion isolation will be
possible, as shown for a 3-D trap by Ding et al. [26]. In
that work, positive or negative multipoles could be
added to the field of a 3-D trap by changing the voltage
on a field adjusting electrode. Scans up in mass and
down in mass with resonant ejection could then be
combined to give a resolution of greater than 3500,
demonstrated with isolation of monoisotopic peaks of
insulin -chain 3 ions at m/z 	 1166.
MS/MS Efficiencies
It has been argued that MS/MS efficiencies increase
when higher multipoles are added to a 3-D trap [1c, 1f,
2]. The same improvements might be expected for a
linear trap [7, 8a]. MS/MS efficiencies were measured
for reserpine ions trapped in a conventional rod set and
in the rod set with 4% octopole field. The effects of
pressure, excitation amplitude, and excitation time
were investigated. In all experiments, ions were
trapped at q 	 0.20 with excitation for 100 ms, and the
excitation amplitude was varied. Then the excitation
was kept fixed at approximately the amplitude that
gave 50% depletion of the precursor ion, and the
excitation time was varied. (The data are not corrected
Figure 5. Results of trajectory calculations. Oscillation amplitude
versus excitation frequency for excitation between (a) the smaller
rods and (b) the larger rods. Ion m/z  609, A4  0.040, q  0.2026,
excitation voltage 0.25 V0-p, 2.0 mTorr N2,   280 Å
2, trapping rf
frequency 768 kHz, r  4.5 mm. Initial x and y positions 0.1r ,0 0
initial radial velocities 0.
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the TOF mass analyzer, and therefore the amplitude
giving 50% depletion of the precursor ion is not the
amplitude giving equal precursor and fragment ion
intensities.) Results of experiments at trap pressures of
about 1.05, 0.14, and 0.035 mTorr of N2 are shown in
Figures 6, 7, and 8, respectively. Each plot in these
figures shows the abundance of precursor ions, the sum
of fragment ions and the sum of all ions.
Figure 6a shows the ion abundances obtained with a
conventional rod set at 1.08 mTorr. As the excitation
voltage is increased, the precursor ion decreases in
intensity (50% of initial intensity at 69 mV0-p), the
fragment ions increase and the sum of all ions increases
somewhat. At higher excitation amplitudes the frag-
ment ion abundances continue to increase and precur-
sor ions are efficiently converted to fragment ions.
Figure 6b shows the effects of increasing the excitation
Figure 6. Ion intensities in MS/MS of reserpin
precursor ion, sum of all fragment ions, and
Conventional rod set, 1.08 mTorr, intensities ver
rod set, 1.08 mTorr, intensities versus excitation
A4  0.04, 1.15 mTorr, excitation between the lar
kHz), (d) rod set with A4  0.04, 1.15 mTorr, e
excitation time, amplitude 106 mV0-p (54.0 kHz
between the smaller rods, intensities versus excit
1.08 mTorr, excitation between the smaller rods,
(56.9 kHz).time with a conventional rod set. At excitation times upto 500 ms the fragment ion abundances continue to
increase, although the precursor ion is never completely
removed.
Figure 6c and d show similar plots for the rod set
with 4% octopole with dipole excitation applied be-
tween the larger rods. Figure 6c shows that as the
excitation amplitude is increased from zero, the precur-
sor ions decrease in abundance (50% of initial intensity
at 106 mV0-p), and the fragment ion intensities increase.
At higher excitation amplitudes all precursor ions are
converted to fragment ions. Figure 6d shows the effect
of varying the excitation time between the larger rods.
At greater excitation times again the product ion abun-
dances increase. Figure 6e and f show the effects of
changing the excitation amplitude and excitation time
with dipole excitation between the smaller rods. The
results are similar to those with excitation between the
larger rods. At an excitation amplitude of 96 mV0-p the
s at ca. 1.05 mTorr. In each plot the decrease of
of all ions in the spectrum are shown. (a)
xcitation amplitude (54.2 kHz), (b) conventional
amplitude 69 mV0-p (54.2 kHz), (c) rod set with
ds, intensities versus excitation amplitude (54.0
tion between the larger rods, intensities versus
rod set with A4  0.04, 1.08 mTorr, excitation
amplitude (56.9 kHz), (f) rod set with A4 0.04,
sities versus excitation time, amplitude 96 mV0-pe ion
sum
sus e
time,
ger ro
xcita
), (e)
ation
intenprecursor ions are reduced to 50% of their initial inten-
ersus
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converted to product ions. With an amplitude of 96
mV0-p, as the excitation time is increased a greater
fraction of precursors is converted to fragments.
The data of Figure 6 show that at a trap pressure of
1.05 mTorr of N2, reserpine ions can be efficiently
converted to product ions in every case. The rod sets
with added octopole field offer little improvement in
MS/MS efficiency over a conventional rod set. A com-
parison of Figure 6a, c, and e show that with the added
octopole field, ions can be excited at greater amplitudes
and over a broader range of amplitudes than in a
conventional rod set, without loss of ions. With a
conventional rod set, the sum of all ions begins to
decrease at an amplitude of about 100 mV0-p whereas
with the 4% octopole rod set, the ions can be excited at
Figure 7. Ion intensities in MS/MS of reserp
precursor ions, sum of all fragment ions, and
Conventional rod set, 0.14 mTorr, intensities ver
rod set, 0.14 mTorr, intensities versus excitation
A4 0.04, 0.15 mTorr, excitation between the larg
kHz), (d) rod set with A4 0.040, excitation betw
amplitude 102 mV0-p (54.05 kHz), (e) rod set with
rods, intensities versus excitation amplitude (5
excitation between the smaller rods, intensities v300 mV0-p without losses. Because of the smaller fieldradius, for a given excitation voltage, the conventional
rod set produces an electric field about 8% greater than
the rod set with 4% octopole (Table 2 and eq 26). The
differences in excitation voltages that can be applied to
the rod set with 4% octopole field are much greater than
this difference.
Figure 7a shows the effect of varying excitation
amplitude with a conventional rod set at a pressure of
0.14 mTorr. As the amplitude is increased, the precursor
ion intensity decreases (50% of initial intensity at 18
mV0-p). The fragment ion abundances reach a maximum
at about 33 mV0-p. Above ca. 20 mV0-p the intensities of
all ions decrease. About 60% of the precursor ions can
be converted to product ions. Figure 7b shows the effect
of increasing the excitation time. Greater excitation
times give increased fragmentation, but in contrast to
t ca. 0.14 mTorr. In each plot the decrease of
of all ions in the spectrum are shown. (a)
xcitation amplitude (54.2 kHz), (b) conventional
amplitude 18 mV0-p (54.2 kHz), (c) rod set with
ds, intensities versus excitation amplitude (54.05
he larger rods, intensities versus excitation time,
0.04, 0.14 mTorr, excitation between the smaller
Hz), (f) rod set with A4  0.04, 0.14 mTorr,
excitation time, amplitude 81 mV0-p (57.1 kHz).ine a
sum
sus e
time,
er ro
een t
A4
7.1 kFigure 6b the sum of fragment ions remains less than
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Figure 7b to Figure 6a and b, shows that ions are less
efficiently converted to fragment ions. Figure 7c and d
show data obtained with excitation between the larger
rods. Beginning at an amplitude of ca. 80 mV0-p the
precursor ion abundance decreases (50% of initial in-
tensity at 107 mV0-p) and the fragment ion abundances
increase. At higher amplitudes, precursor ions are effi-
ciently converted to products. Ions can be excited with
amplitudes of at least 250 mV0-p without substantial
losses. Figure 7d shows the effect of increasing the
excitation time. Above 100 ms, fragment ion abun-
dances continue to increase and all precursor ions can
be converted to fragment ions. Figure 7e and f show
similar experiments with excitation between the smaller
Figure 8. Ion intensities in MS/MS of reserpi
precursor ions, sum of all fragment ions, and
Conventional rod set, 0.038 mTorr, intensities ver
rod set, 0.038 mTorr, intensities versus excitation
A4 0.04, 0.030 mTorr, excitation between the lar
kHz), (d) rod set with A4  0.040, 0.030 mTorr,
excitation time, amplitude 183 mV0-p (53.3 kHz
between the smaller rods, intensities versus exc
0.040, 0.035 mTorr, excitation between the small
142 mV0-p (57.1 kHz ).rods. At an excitation amplitude of about 81 mV0-p theprecursor is reduced to 50% of its initial intensity
(Figure 7e) and above this amplitude, the intensities of
fragment ions increase and all precursors can be con-
verted to fragments. Figure 7f shows that precursor ions
can be converted to fragment ions with high efficiencies
at excitation times greater than about 250 ms. Overall
the data in Figure 7 again show that ions can be excited
with substantially greater amplitudes and over a
greater range of amplitudes in the rod set with added
octopole field without loss of ions (i.e., the sum of all
ions remains approximately constant). Further, the data
of Figure 7 show that the rod set with 4% octopole field
has somewhat higher MS/MS efficiency under these
operating conditions.
Figure 8a shows that, with a conventional rod set at
ca. 0.035 mTorr. In each plot the decrease of
of all ions in the spectrum are shown. (a)
xcitation amplitude (54.2 kHz), (b) conventional
, amplitude 16 mV0-p (54.2 kHz), (c) rod set with
ods, intensities versus excitation amplitude (53.3
tion between the larger rods, intensities versus
rod set with A4  0.04,0.035 mTorr, excitation
n amplitude (57.1 kHz), (f) rod set with A4 
ds, intensities versus excitation time, amplitudene at
sum
sus e
time
ger r
excita
), (e)
itatio
er roa pressure of 0.038 mTorr, increasing the amplitude
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(50% of initial intensity at 16 mV0-p), with the formation
of product ions of low abundance (maximum intensity
at about 14 mV0-p). At higher amplitudes, all ion inten-
sities decrease and, in comparison to experiments at
higher pressures (Figures 6a and 7a) the efficiency of
converting precursor ions to product ions is poor.
Figure 8b shows that with a conventional rod set, the
abundance of fragment ions increases slightly at excita-
tion times above 100 ms, but remains low. Figure 8c and
d show data obtained with excitation applied between
the larger rods. Figure 8c shows that as the excitation
amplitude is increased from zero, the precursor ion
intensity decreases (50% of initial intensity at 183 mV0-p)
and the fragment ion abundances increase, with equal
intensities at about 150 mV0-p. The fragments reach
maximum intensity at ca. 200 mV0-p. At higher ampli-
tudes, the intensities of all ions decrease. Nevertheless
about 75% of the precursor ions can be converted to
fragment ions. Figure 8d shows the effect of increasing
excitation time between the large rods. At times greater
than about 100 ms the abundance of fragments in-
creases to ca. 70% of the initial precursor intensity.
Figure 8e and f show the results of similar experiments
with excitation between the smaller rods. Figure 8e
shows that as the amplitude increases the precursor ion
abundance decreases (50% of initial intensity at 142
mV0-p) and the fragment ion abundances increase. The
fragment ion abundances continue to increase until at
around 220 mV0-p, the intensities of all ions begin to
decrease. Figure 8f shows the effect of increasing the
excitation time. Above 100 ms the abundance of frag-
ment ions continues to increase and nearly all precursor
ions can be converted to fragment ions.
Comparison of Figures 6 , 7, and 8 shows that as the
pressure decreases below 1 mTorr, the rod set with 4%
octopole field shows greater MS/MS efficiencies than a
conventional rod set. This is most apparent in Figure 8
where there are dramatic differences between the rod
sets. At this pressure, with a conventional rod set, only
about 15% (Figure 8a) to 20% (Figure 8b) of the precur-
sor ions are converted to fragment ions. With the rod set
Table 3a. MS/MS efficiencies (%) at ca. 1 mTorr
Excitation time
Conventional rod set
(1.14 mTorr)
50 ms 41 (63 mV0-p)
100 ms 45 (60 mV0-p)
30,000 cycles 77 (53 mV0-p, 482ms)
Table 3b. MS/MS efficiencies (%) at ca. 0.05 mTorr
Excitation time
Conventional rod set
(0.053 mTorr)
50 ms 0.0 (18 mV0-p)
100 ms 0.1 (19 mV0-p)
30,000 cycles 0.1 (20 mV0-p, 479ms)with 4% octopole field, and with excitation between the
larger rods about 70% of the initial precursor intensity
appears as fragments. Figure 8e and f show that with
excitation between the smaller rods, nearly all the
precursor ions can be converted to fragment ions.
Under these conditions, the MS/MS efficiency with the
rod set with a 4% added octopole field is about five
times greater than a conventional rod set. In addition,
when a 4% octopole field is added, ions can be excited
with a broader range of amplitudes without loss of ions.
The MS/MS efficiency is expected to be compound
dependent. Thus the experiments with reserpine ions
were repeated with protonated ions of morphine-3--
D-glucuronide (a metabolite of morphine). Results sim-
ilar to those with reserpine ions were obtained (data not
shown). When ions of morphine-3--D-glucuronide
dissociate, they produce a fragment at m/z  286. This
fragment ion was found to be more difficult to dissoci-
ate than its precursor molecular ion or ions of reserpine.
For MS/MS experiments, the m/z 286 fragment was
produced by increasing the voltage difference between
the orifice and skimmer from 170 to 220 V, to give the
highest abundance of the m/z 286 ion. The m/z 286
fragment ions were then isolated in the linear trap,
trapped at q  0.23 and excited for MS/MS at a variety
of excitation times. Excitation amplitudes were chosen
to give 95 to 100% depletion of the m/z 286 ion. Table 3a
shows the MS/MS efficiencies (summed intensities of
fragments divided by initial precursor ion intensity 
100%) obtained at a pressure of ca. 1 mTorr with a
conventional rod set and a rod set with 4% octopole
field. Excitation times of 50, 100, and about 480 ms were
tested. The latter corresponds to 30,000 cycles of the
excitation voltage, the longest time possible with the
waveform generator used. At 1 mTorr, the rod sets with
4% octopole field showed MS/MS efficiencies greater
by about a factor of two. The rod sets were then tested
at a pressure of ca. 0.05 mTorr, with the results shown
in Table 3. With the conventional rod set, almost no
fragment ions could be formed at any excitation time.
However with the 4% octopole rods, some fragments
could be formed with 100 ms excitation time and with
Larger rods
(1.09 mTorr)
Smaller rods
(1.04 mTorr)
98 (115 mV0-p) 93 (100 mV0-p)
99 (105 mV0-p) 99 (90 mV0-p)
157 (90 mV0-p, 484ms) 144 (77 mV0-p, 457ms)
Larger rods
(0.046 mTorr)
Smaller rods
(0.048 mTorr)
0.1 (135 mV0-p) 0 (128 mV0-p)
3 (120 mV0-p) 17 (115 mV0-p)
96 (90 mV0-p 487ms) 106 (80 mV0-p, 452ms)
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about 100%. The differences in fragment ion spectra are
dramatic. Figure 9a show the MS/MS spectrum ob-
tained with a conventional rod set. Although there is
93% depletion of the precursor ion, almost no fragment
ions are formed. Figure 9b shows the MS/MS spectrum
with excitation between the smaller rods of the 4%
octopole rod set. There is 97% depletion of the precur-
sor ion, and abundant fragment ions are formed. The
MS/MS efficiency is calculated to be 106%.
The data in Table 3 illustrate another effect. At a
pressure of 1 mTorr, and with the rod set with 4%
octopole field, 100% MS/MS efficiency was possible
with a 50 ms excitation time. To get a similar MS/MS
efficiency (77%) with the conventional rod set, an exci-
tation time of 482 ms was required, nearly ten times
longer. Thus, under some operating conditions, it seems
likely that with the rod set with added octopole field,
ions can be dissociated with higher excitation ampli-
tudes and shorter excitation times to improve the duty
cycle of an MS/MS experiment.
The higher MS/MS efficiency with an added multi-
pole field has been attributed to the frequency shift that
occurs as the amplitude of oscillation increases [1a, 8].
With a pure quadrupole field, the frequency of oscilla-
tion is independent of amplitude. If the amplitude of
excitation is increased in an attempt to gain a greater
degree of fragmentation through more energetic colli-
Figure 9. MS/MS spectra of the m/z 286 fragment of morphine-
3--D-glucuronide with (a) a conventional rod set, 0.053 mTorr, q
 0.23, excitation of 20 mV0-p at 62.63 kHz applied for 479 ms, (b)
rod set with A4  0.040, 0.048 mTorr, excitation of 80 mV0-p at
66.37 kHz applied for 452 ms between the smaller rods.sions, ions can be ejected. This is illustrated in Figure 10.Figure 10a shows the trajectory of an ion of m/z  609,
trapped at q  0.20, excited at its resonant frequency of
54.739 kHz, in the presence of 0.14 mTorr of N2 (trap-
ping frequency 768 kHz). The collision cross section
was taken as 280 Å2 [24], which gives a damping
constant   187 s1. The excitation amplitude is 10
mV0-p. These conditions are chosen to match approxi-
mately the conditions in Figure 7a where the precursor
starts to show depletion. The amplitude of oscillation
increases with time until a steady state is reached where
the amplitude is ca. 0.8r0 or 3.3 mm. Figure 10b shows
the trajectory when the excitation amplitude is in-
creased to 35 mV0-p . The amplitude of oscillation
increases more rapidly and after about 2000 rf cycles
(2.6 ms) the ion strikes a rod and is lost. This is
qualitatively similar to the data of Figure 7a where ions
are lost at amplitudes greater than about 30 mV0-p. In
contrast, when there is an octopole field added, the ion
trajectories are quite different. Figure 11a shows excita-
tion of an ion of m/z  609 in quadrupole field (r0  4.5
mm) with a 4% octopole component, at a pressure of
0.14 mTorr (q 0.2031, trapping frequency 768 kHz; the
conditions of Figure 7e). The excitation amplitude is 75
Figure 10. Ion trajectory in an ideal quadrupole field, with
dipole excitation, m/z  609, q  0.20, 0.14 mTorr of N2, trapping
rf frequency 768 kHz, excitation frequency 54.739 kHz, r0  4.17
mm, (a) excitation amplitude 10 mV , (b) excitation amplitude 350-p
mV0-p.
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kHz above their unperturbed frequency
0
2

55.602 kHz. The amplitude of ion oscillation increases
but a beat-like pattern is formed. Because the frequency
of ion oscillation depends on the amplitude of oscilla-
tion, the excitation frequency is alternately in and out of
phase with the excitation. Damping by collisions leads
to a steady state where the amplitude of oscillation is
about 0.54r0 or 2.4 mm. The two amplitudes calculated
from eq 16 are 1.8 mm and 2.2 mm, in reasonable
agreement. When the excitation amplitude is doubled
to 150 mV0-p the trajectory of Figure 11b is calculated.
The amplitude of oscillation is greater which means
there are greater frequency shifts. A transient beat-like
pattern is formed before a steady state is reached with
an oscillation amplitude of about 0.65r0 (2.9 mm). The
beat-like pattern formed when there was an added
octopole or hexapole field was described by Franzen et
al. [1a], but the effects of damping by collisions were not
discussed or illustrated. Figure 11 shows that when
there is an added octopole field, ions can be excited
Figure 11. Ion trajectory in the x direction in a rod set with A4 
0.04, q  0.2031, 0.14 mTorr, trapping rf frequency 768 kHz,
excitation frequency 56.954 kHz. (a) Excitation amplitude 75
mV0-p, (b) excitation amplitude 150 mV0-p.with substantially higher amplitudes without strikingthe rods, as is seen in the experimental data of Figures
6, 7, and 8.
Collings et al. [7] have described in detail resonant
excitation in a low pressure (nominally 3  105 torr)
linear trap constructed with a round rod set that has
essentially the same geometry as our conventional rod
set. In contrast to our results at a similar pressure,
reserpine ions could be efficiently fragmented. The
reasons for the different behavior are not clear. The
more efficient fragmentation in that experiment may be
due to a number of effects, such as a locally higher gas
density especially near the trap entrance, higher inter-
nal energies of ions entering the trap, or operation of the
trap at 816 kHz instead of 768 kHz. The higher fre-
quency and slightly higher trapping q in that experi-
ment (q  0.21 versus q  0.20) gives a somewhat higher
effective potential well depth of 8.0 V compared to a
well depth of 6.4 V in our experiments. (Our experi-
ments with the 4% octopole rod set had a well depth of
7.6 V.) Based on trajectory calculations, Collings et al.
attributed the efficient fragmentation of ions at the low
pressure to the presence of higher multipoles in the
potential, arising from the use of round rods. A beat
pattern more complex than that of Figure 11 was
observed in trajectory calculations.
Conclusions
The effective potential model for ion motion in the
linear trap gives an anharmonic oscillator with equal
but opposite sign frequency shifts for ion motion be-
tween the x and y rods, and predicts bistable behavior
for excitation amplitudes above a critical value. Exper-
iments show these frequency shifts and also show
bistable behavior for excitation between the larger rods
but not the smaller rods. A comparison of MS/MS
efficiencies between a conventional rod set and a rod set
with 4% added octopole field shows that both give high
MS/MS efficiencies at a trap pressure of 1.05 mTorr of
N2, but as the pressure is decreased the efficiency of the
rod set with added octopole field increases over that of
the conventional rod set. This is attributed to a shift of
oscillation frequency with increased oscillation ampli-
tude which favors ion fragmentation over ion ejection.
This work and the work of Collings et al. [8] show that
the efficiency of fragmentation in a linear trap can be
improved by the addition of higher multipoles to the
potential. Other effects, such as frequency shifts and
asymmetric excitation profiles offer considerable scope
for further theoretical and experimental investigation.
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